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ABSTRACT
Formosan subterranean termites, Coptotermes formosanus Shiraki, were 
acclima^cf for approximately 24 hours with one of four sizes of pine wood or no wood 
(control) and then allowed access to a thin sand filled tunneling chamber for five days. 
As available pine increased in the feeding chamber, termite survival and food 
consumption increased. However, excavation rate, tunnel volume, termite number, and 
soldier number decreased in the search tunnels as available pine increased. Termite 
density was lower with higher pine mass availability but the three larger pine sizes did 
not produce any significant differences. Soldier density was not affected by available 
pine size. Percentage o f workers in search tunnels decreased with increasing pine mass 
only after the third day.
The branching tunnel network formed a pattern that was categorized by assigning 
tunnels to branching orders of primary, secondary, or tertiary. As available food size 
increased, termites excavated fewer tunnels in a network as evidenced by decreases in 
secondary and tertiary branch orders. An increase in food size also decreased the total 
length of a search tunnel network. This was due to decreases in primary and secondary 
branch order lengths. However, individual tunnel length and volume was not 
significantly affected by available food size. Search tunnel networks had proportionally 
more length and volume devoted to primary tunnels and proportionally less to secondary 
tunnel length and volume as available food size increased. The differences in search 
activity in response to available food resources of Formosan subterranean termites are 
discussed. This experiment supports the hypothesis that the Formosan subterranean
viii
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
termite adjusts search activity in response to available food size and this behavior should 
be considered when determining bait placement for termite control.
ix
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INTRODUCTION
Subterranean termites have been researched extensively because of their ability to 
damage wooden structures important to humans. The Formosan subterranean termite, 
Coptotermes formosanus Shiraki, was first found in Louisiana in 1966 (Spink 1967). 
Since then, it appears to have permanently established itself in the USA and is enlarging 
its distribution (La Fage 1987). Current distribution of the Formosan subterranean 
termite in the USA includes Alabama, California, Florida, Georgia, Hawaii, Louisiana, 
Mississippi, North Carolina, South Carolina, Tennessee, and Texas (Chambers 1986, 
Haagsma et al. 1995, Henderson personal communication). The Formosan subterranean 
termite can build nests above ground and this behavior can make chemical barrier 
treatments to soil ineffective for control (Su and Scheffrahn 1988b). A satellite aerial 
nest of Formosan subterranean termites can also survive after being disconnected from 
the ground by a chemical soil treatment (La Fage 1987). An aerial nest can be controlled 
by different methods: 1) it can be directly removed, 2) treated by fumigation or residual 
chemicals, or 3) baited. The effectiveness of each method depends on the location of the 
nest and the building design.
Termite bait developement and use were based on termite colony foraging 
behavior. Forschler (1994) has described the foraging behavior of a subterranean termite 
(Reticulitermes flavipes (Kollar)) as appearing random. Foraging of Formosan 
subterranean termites was investigated by Su et al. (1984). They marked termites in the 
field and recorded their foraging location and amount of food ingested. Their results 
indicated that Formosan subterranean termite foragers visit multiple foraging sites with 
equal regularity. From their findings of equal foraging on multiple baits, they state the
1
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2possibility of eliminating a colony by introducing a toxicant at a single feeding site. A 
toxicant can also be passed to other colony members through trophallaxis. Later research 
by Delaplane (1987) and Delaplane and La Fage (1989a) demonstrated trends in 
Formosan subterranean termite foraging. When termites were presented with equal food 
sources, termites generally consumed more from the first site visited and did not show 
equal feeding. The results of equal foraging and unequal feeding did not appear to 
describe a consistent behavior pattern for the Formosan subterranean termite until further 
considerations by Delaplane and La Fage in 1989(b). Their experiments, which focused 
on moisture influences on foraging, indicated that the Formosan subterranean termite in a 
laboratory setting vigorously visited all food sources within the first 48 hours. The 
difference in experimental design regarding termite populations used may explain the 
differences in foraging activity. Su et al. (1984) looked at natural populations, estimated 
to range from 1.8 to 4.4 million, foraging at five to ten sites over a 21 day period. 
Delaplane (1987) studied laboratory populations, of 1000 termites, foraging at four sites 
over a period of 62 days. It seems logical that in a larger population, it would take a 
longer time for the majority of individuals to show a foraging response to a recently 
found food site. Oi et al. (1996) found that the subterranean termite Reticulitermes 
virginicus Banks did show foraging preferences among equal food sources. A split design 
was better than a paired design in comparing food preferences (Oi et al. 1996). 
Considering these studies, subterranean termites do have foraging preferences among 
equal food sources (Oi et al. 1996, Delaplane 1987, Delaplane and La Fage 1989a, 
1989b). However, this has not appeared to affect the control of termites by toxicant 
baiting (Su 1994, Henderson and Forschler 1996).
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3Consumption rates are an integral aspect o f foraging that has relevance to toxicant 
introduction to a termite colony via baits. Su and La Fage (1984) compared methods for 
estimating wood consumption of the Formosan termite. They concluded that wood 
consumption of Formosan subterranean termites can be based on 55 mg wood per gram 
of termite per day, when experiments last less than six weeks. This fixed consumption 
rate is in contrast to experiments conducted by Akhtar and Jabeen (1981), Howick (1975) 
and Waller (1988). They showed that termites increase their consumption rate when 
available food size is increased.
Searching behavior of subterranean termites has not been researched as 
extensively as feeding or foraging behaviors have. Part of this is due to their 
underground habitat, which makes observation difficult. Searching involves locating a 
resource, while foraging involves using a resource after it is found. Previous research on 
subterranean termite search behavior has focused on behavior modifying stimuli, worker 
and soldier activities, and patterns of search tunnels and shelter tubes. Ettershank et al. 
(1980) suggested that desert subterranean termites, (Gnathamitermes tubiformus 
(Buckley) and Amitermes wheeleri (Desneux)), sense thermal gradients made by surface 
food items. Rust et al. (1996) found that the western subterranean termite, Reticulitermes 
hesperus Banks, will tunnel towards an increasing concentration of the brown rot fungus, 
Gloeopfryllum trabeum (Pers. ex Fr.). Amburgey and Smythe (1977) studied the stimulus 
of brown rot fungus infested wood to Reticulitermes flavipes. While their study showed a 
similar influence of brown rot fungus on search behavior, “unstimulated” tunnel building 
was documented as well. They found that without the fungal stimuli, termites built fewer 
tunnels that were relatively longer and with short branches. Reinhard et al. (1997b) have
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4documented the search activity of Reticulitermes santonensis (De Feytaud) and describe 
the search process. This process was influenced by the presence of wood nearby. When 
no food stimulus was present, worker termites would explore a new area using short 
paths and then return, each worker thereafter would explore a little further. This resulted 
in search extending in all directions forming a branched net. When a food source was 
present nearby, workers would explore further in a single advancement and the search 
path would be directed towards the food source. Jones et al. (1987) studied the desert 
subterranean termite, Heterotermes aureus (Snyder), locating a second food source 
within a study plot. Their data were generally consistent with termites randomly locating 
other food sources, but some study plots showed evidence for systematic location of food 
by termites. This systematic location of food was based on distance from the first 
foraging site. Haverty et al. (1975) conducted a similar study on H. aureus and also 
documented that the likelihood o f new feeding sites occurring was related to distance 
from the original feeding site. Robson et al. (1995) studied the geometry of search 
patterns in subterranean termites (Reticulitermes flavipes). The search path patterns were 
described as nonrandom and classified as branch systems that evenly divided the 
tunneling area. Robson et al. (1995) suggest that the pattern was organized to reduce 
search redundancy. Chen and Henderson (1997) found that tunneling and shelter tubes of 
inter- and intracolony populations o f Coptotermes formosanus can become connected. 
They documented that both workers and soldiers are involved by making holes in nearby 
shelter tubes. However, Coptotermes formosanus soldiers were found not to influence 
above ground search comprised o f shelter tube construction (Cornelius and Grace 1997). 
Subterranean galleries have been unearthed and mapped for Coptotermes formosanus by
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
King and Spink (1969), Coptotermes frenchi Hill by Gay (1946) and Greaves (1959), 
Coptotermes acinaciformis (Froggatt) by Greaves (1962), and Coptotermes lacteus 
(Froggatt) by RatclifFe and Greaves (1940). Vertical shafts extending downward were 
noted for C. lacteus (RatclifFe and Greaves 1940) and C. formosanus (King and Spink 
1969). The purpose of the shafts was suggested to be for obtaining moisture. RatclifFe 
and Greaves (1940) observed that foraging galleries leading to distant food sources 
followed a path through closer food sources. They also described tunnels as meandering 
in a steady direction. This would appear to be a form of environment scanning (Bell 
1990). These gallery system maps also show the branching pattern and overall 
positioning of Coptotermes spp. galleries.
Research on subterranean termite pheromones is important in interpreting 
research on search behavior, foraging behavior, and feeding preferences. Trail 
pheromones have been studied in different species of termites (Kaib 1990, Malaka and 
Leuthold 1986, Matsumura et al. 1969, Moore 1974, Runcie 1987, Traniello 1982). The 
primary structure of the Formosan subterranean termite trail pheromone has been isolated 
by Tokoro et al. (1989). Runcie (1987) showed that trail following behavior is influenced 
by the motivational state of the termite which lays the first trail. Initial trails laid by 
termites accessing a food source were very persistent compared to trails laid by searching 
termites.
Gnawing pheromones have been documented for Schedorhinotermes lamanianus 
(Sjostedt) by Kaib and Zeisman (1992) and for Reticulitermes santonensis by Reinhard et 
al. (1997a). Reinhard et al. (1997a) confirm that the gnawing pheromone of R. 
santonensis is highly persistent and stimulates gnawing even when placed on a glass
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6surface. Knowledge o f a gnawing pheromone can provide some possible explanation for 
previous feeding and foraging behavior experiments. Reinhard and Kaib (1995) 
document the interaction of a trail following pheromone and a gnawing pheromone o f S. 
lamanianus. The trail following pheromone was found to inhibit behavior due to the 
gnawing pheromone.
Effective bait control of Formosan subterranean termites is dependent on a better 
understanding o f search and foraging behavior. Baiting can provide control without 
directly locating nest sites (Su 1994, Su et al. 1997, Su and Scheffrahn 1996). This is 
critical when a nest may not be located due to a building’s structural design. Commercial 
baits have been on the market since 1995 (Henderson et al. 1995) and are used by pest 
control companies. As of 1998, baits became available for direct purchase and use by the 
homeowner (Henderson, personal communication). Research by Henderson and 
Forschler (1996) demonstrated elimination of termite colonies in river-bound trees using 
baits. Elimination was achieved within 42 to 292 days with three different toxicants, two 
of which are currently used in commercial termite bait systems. Control by baits of 
subterranean termite colonies based in soil has been documented (Su 1994, Su and 
Scheffrahn 1996, Su et al. 1997). While baiting did create termite free zones of soil for 
several years, it did not stop reinvasion (Su and Scheffrahn 1996). Application o f one 
current commercial termite baiting system, FirstLine GT Termite Bait Station (FMC 
Corporation, Princeton, NJ), uses monitor stations that are placed in the ground around an 
infested structure. The stations contain a non-toxic food for the termites. If a monitor 
station has termite activity, then the food source is replaced with a toxic food source. 
This and other baiting system relies partly on the termites searching ability to locate these
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monitor stations. Henderson et al. (1997) studied placement strategies of wooden 
monitors around moderately infested apartments. When monitors were placed in termite 
conducive areas over a thirteen month period, less than eight percent of the monitors 
were fed upon. This seems to be a low rate of monitor location by subterranean termites 
and, potentially, would reduce the effectiveness of termite control by baits.
Additional information on Formosan subterranean termite search behavior is 
needed to make baits more effective, because baits must be found by the termites for this 
control method to be effective. If termite search behavior is better understood then it can 
be exploited by placing baits in locations where they would be found. By increasing the 
number of feeding sites, more toxicant could be introduced into a termite colony. An 
increasing toxicant introduction has coincided with increasing number of individuals 
eliminated in a colony (Su 1994). Whether the amount of toxicant consumed was a 
function of colony consumption rate due to its size and dose independent nature of the 
toxicant (hexaflumuron), or if  larger colonies required greater toxicant introduction for 
control was not established. It would appear that there would be a minimum toxicant 
introduction required to achieve control of a subterranean termite colony. Therefore, 
search behavior information is critically involved in establishing effective bait placement 
for control of Formosan subterranean termites.
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CHAPTER I
THE EFFECT OF AVAILABLE FOOD SIZE ON SEARCH TUNNEL 
FORMATION AND CASTE COMPOSITION WITHIN SEARCH 
TUNNELS OF THE FORMOSAN SUBTERRANEAN TERMITE, 
COPTOTERMES FORMOSANUS
INTRODUCTION
Search is a necessary component of finding new resources. Insect search 
behavior incurs costs of energy expenditure, possible predation, and less time attending to 
nest activities (Bell 1990). Search behavior is favored when potential benefits outweigh 
costs (Bell 1990). Delaplane and La Fage (1989a) stated that depletion of a food source 
may be a stimulus for termites to resume search for food. Diminished food resources 
would favor increased search since the benefit may be survival, while the cost of not 
searching is starvation and colony decline. When food sources are minimal, a lowered 
feeding rate occurs in termites (Akhtar and Jabeen 1981, Howick 1975, Waller 1988). 
Lenz (1994) suggests that this strategy is advantageous for survival until new food 
resources are found.
It is hypothesized that Formosan subterranean termites will search more if there is 
less food available and search less if more food is available. To test this hypothesis 
Formosan subterranean termites were provided with four different food sizes or no food, 
and permitted access to a tunneling chamber. Search behavior was quantified by 
measuring tunnel volume and the number of workers and soldiers in the tunneling 
chamber.
METHODS AND MATERIALS
Five treatments differed in the masses of pine (Highland Hardware & Garden
Center, Baton Rouge, LA) available to the termites. The pine masses used, 0.00 g
8
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9(control), 0.3 lg, 1.55 g, 3.10 g, or 46.50 g, were based on a preliminary laboratory 
experiment indicating that 250 Formosan subterranean termites (10% soldiers) consumed 
an average of 31 mg of wood per gram of termite per day (mg/g/day). If feeding 
remained constant, among all colonies, then the pine masses used would be consumed in: 
0 days for 0.00 g pine, 12 days for 0.31 g pine, 60 days for 1.55 g pine, 120 days for 3.10 
g pine, and 1800 days (approximately five years) for 46.50 g pine. All wood surfaces 
were sanded making all sides evenly smooth.
Three replicates per colony, for each of the three colonies used, were conducted 
for each of the five treatments (N=45). This resulted in nine units conducted per food 
size. Each experimental unit contained 250 Formosan subterranean termites (10% 
soldiers). Termite colonies were collected from Sam Houston Jones State Park, 
Westlake, LA in November 1996, Brechtel Park, New Orleans, LA in April 1997, and 
Slidell St., New Orleans, LA in April 1997. Voucher specimens of each colony were 
deposited in the insect collection of the Department of Entomology, Louisiana State 
University Agricultural Center. Colonies were kept in covered 140 liter plastic trash cans 
until extracted for experiments. Only five to ten experimental units were run at a single 
time. Each unit was allowed to run for six days. The 45 experimental units were 
conducted over a period of 60 days, from June 7 to July 30, 1997. Mean temperature for 
the laboratory was 26.1°C (+2.0°C standard deviation).
The experimental apparatus (Figure 1.1) consisted of a circular food chamber and 
a square tunneling chamber which did not contain food. The plastic circular chamber,
20.5 cm diameter by 8 cm tall (Pioneer Packaging, Dixon, K.Y), was filled with 
approximately 50 cm3 of weighed #4 blasting sand (Easy Crete Inc., Greenwell Springs,
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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Figure 1.1. Illustration of the circular food chamber on top of the square tunneling chamber. Wooden clamps (in black) are shown with 
wooden wedges. The 24 binder clips, which held edges of apparatus together, are not shown. Grey areas represent sand as seen 
through Perspex® sheets and feeding chamber.
LA) and was moistened with 20 ml of distilled deionized water. Pine blocks were set in 
the sand with one side exposed in the center of the circular chamber. The circular 
chamber was fitted in the center on top of a square (60 cm x 60 cm x 0.9 cm) tunneling 
chamber, which was constructed from two sheets (60 cm x 60 cm x 0.3 cm) and four 
narrow edge strips (1.5 cm x 0.3 cm x 60 cm or 58.5 cm) of Perspex® CP acrylic (ANC 
Plastics, Houston, TX). Inner dimensions of the tunneling chamber were 57cm x 57 cm x 
0.3 cm. The tunneling chamber was completely filled with approximately 990 cm3 of #4 
blasting sand and moistened with 80 ml distilled deionized water. Two wooden clamps 
and 24 metal binder clips (9 mm capacity) kept the Perspex® sheets tightly bound against 
the sand. A 0.4 cm diameter hole connected food and tunneling chambers to allow 
termite travel between them. The hole was obstructed by inserting a hard plastic disc 
between the two chambers, which prevented termites from entering the tunneling 
chamber until it was removed. Tunneling apparatuses were suspended 90 cm above the 
floor, via wooden supports, to allow viewing of termite activity in the tunneling chamber 
from underneath.
Termites were acclimated for approximately 24 hours in the feeding chamber and 
then allowed access to the tunneling chamber by removing the plastic disc. Once 
termites were allowed access to the tunneling chamber, observations were recorded four 
times per day (approximately every 2.5 hours) between the hours of 8:00 AM and 6:00 
PM for five days. Termite worker and soldier numbers in search tunnels, and tunnel size 
were recorded at each observation. Tunnel size was recorded by marking the tunneling 
chamber, as observed from underneath, with a felt tip marker. Tunnel lengths and widths 
were measured after the fifth day. Tunnels were assumed to have straight vertical edges
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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for volume to be calculated by multiplying length x width x height. Height was always 
assumed to be 0.2 cm because tunnels did not extend completely from bottom to top of 
the tunneling chamber but were big enough for termites to travel freely inside. Initial and 
final values o f pine mass, worker numbers, soldier numbers, and circular chamber sand 
mass were recorded to determine consumption, worker survival, soldier survival, and 
sand removed from the tunnel chamber. Worker density, soldier density, percentage of 
workers in tunnels, and excavation rate o f tunnels were also calculated. Tunnel volume, 
excavation rates, worker number, worker density, soldier number, soldier density, and 
percent workers in the tunnel chamber were analyzed by an ANOVA via the mixed 
procedure (SAS Institute 1997). Survival and consumption were analyzed by an 
ANOVA via the general linear models procedure (SAS Institute 1997). Tukey’s means 
separation test, with an alpha level of 0.05 was used to determine significant differences 
between treatments.
RESULTS
Survival. There were significant differences among treatments in number of termites 
surviving (F=4.54, df=4, p=0.004). Mean survival increased with increasing pine mass 
(Table 1.1). Soldier numbers surviving did not differ significantly among treatments 
(F=2.60, df=4, p=0.0501). Soldier survival increased with increasing pine mass except 
for the 3.10 g pine treatment which had the highest soldier survival (Table 1.2). 
Consumption. Consumption significantly increased as available pine increased (Figure 
1.2) (F=32.31, df=4, p=0.0001). The physical appearance o f wood blocks fed on had 
similarities with respect to termite consumption. Feeding was primarily done at cuts
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Table 1.1. Mean percent survival and standard deviation (SD) of 250 termites after six 
days with access to different masses of pine. Treatment means followed by the same 
letter are not significantly different from each other.
Mass o f available pine 
in grams
Mean percent survival and (SD)
0.00 85.66 (6.70) a
0.31 86.37 (2.85) a
1.55 87.22 (4.31) a b
3.10 90.53 (3.41) a b
46.50 92.97 (3.39) b
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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Table 1.2. Mean survival and standard deviation (SD) of 25 soldiers that were a part of 
termite groups with access to different pine masses.
Mass of available pine 
in grams
Mean survival of 25 solders and (SD)
0.00 18.11 (6.54)
0.31 20.66 (2.54)
1.55 21.44 (2.29)
3.10 22.88 (1.26)
46.50 22.44 (2.29)
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Figure 1.2. Mean and standard deviation (SD) of pine consumption by 250 Formosan subterranean 
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16
made parallel to the grain Wood either had holes, narrow depressions or shallow spots 
resulting from termite feeding. Holes were generally deeper in the 3.10 g and 46.50 g 
pine treatments. The 46.50 g pine treatment had feeding primarily at both ends of a block 
but not in the middle.
Excavation Rates. There were significant differences in excavation rates among 
treatments (F=7.72, df=16, p=0.0001) on days one, two, and three, but not on days four 
and five (Figure 1.3). Excavation rate of each treatment decreased each successive day of 
the five day experiment. In most cases, excavation rate on a single day decreased as 
available pine mass increased. Exceptions to this occurred for the 1.55 g pine treatment 
on days two, three, and four. On these days, the mean excavation rate of the 1.55 g pine 
treatment was slightly higher than the excavation rate for the 0.31 g pine treatment. 
Differences in excavation rate did not coincide with the differences in survival. For 
example, the lower pine masses and control, which had lower survival rates, had higher 
excavation rates.
Tunnel Volume. Mean tunnel volume significantly increased as available pine mass 
decreased (F=4.27, df=72, p=0.0001; Table 1.3). Each treatment showed a similar trend 
of increasing rapidly on the first day with lesser increases each day thereafter (Figure 
1.4). The differences in tunnel volume increase may be better exemplified by excavation 
rates (Figure 1.3). The differences in survival for each treatment did not contribute to the 
differences in tunnel volume since the treatments with lower survival rates had higher 
tunnel volumes. Linear regression analysis of tunnel volume by time and pine surface 
area, or time and pine mass, resulted in higher R2 values for surface area with time 
(F=696.14, df=2, p=0.0001, R2=0.6204) than mass with time (F=542.52, df=2, p=0.0001,
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Table 1.3. Cumulative tunnel excavation volume (cm3) mean and standard deviation (SD)
by termites with access to a different pine mass over a five day period. Treatments with
the same letter are not significantly different from each other.
Mean (SD) cumulative tunnel volume (cmJ) by treatment
Time 0.0 g pine 0.31 g pine 1.55 g pine 3.10 g pine 46.50 g pine
(hours) a a b b b c c
2.5 0.790 (0.267) 0.746 (0.402) 0.437 0.145) 0.366 (0.259) 0.119 (0.080)
5.0 1.78 (0.495) 1.638(0.818) 1.037 0.350) 0.876(0.516) 0.293 (0.172)
7.5 2.677 (0.655) 2.415(0.972) 1.641 0.478) 1.341 (0.748) 0.455 (0.261)
22.0 7.181 (1.543) 5.968(1.860) 4.543 1.256) 3.650(1.765) 1.820 (0.904)
24.0 7.551 (1.578) 6.341 (1.948) 4.817 1.333) 3.888(1.819) 1.958 (0.952)
26.5 8.013 (1.635) 6.649 (2.002) 5.160 1.386) 4.177(1.915) 2.128 (1.008)
29.0 8.400(1.653) 6.899 (2.059) 5.480 1.505) 4.426 (2.008) 2.285 (1.063)
46.0 10.780 (2.049) 8.234 (2.099) 6.953 1.627) 5.653 (2.467) 3.203 (1.280)
48.0 10.986 (2.140) 8.349 (2.098) 7.089 1.650) 5.759 (2.510) 3.262 (1.294)
50.5 11.242 (2.199) 8.460 (2.112) 7.237 1.612) 5.869 (2.593) 3.335 (1.316)
53.0 11.520(2.318) 8.575 (2.096) 7.344 1.595) 5.969 (2.665) 3.417 (1.366)
70.0 12.886(3.006) 9.603(1.935) 8.149 1.450) 6.655 (2.977) 3.892 (1.430)
72.0 13.021 (3.073) 9.711 (1.930) 8.238 1.445) 6.703 (3.007) 3.926 (1.436)
74.5 13.120 (3.160) 9.816(1.883) 8.320 1.432) 6.762 (3.039) 3.962 (1.433)
77.0 13.217(3.233) 9.888(1.862) 8.448 1.448) 6.805 (3.072) 3.990 (1-433)
94.0 14.028 (3.775) 10.386(1.762) 8.916 1.385) 7.275 (3.326) 4.282 (1-471)
96.0 14.112(3.873) 10.435(1.734) 8.972 1.373) 7.319(3.348) 4.301 (1.468)
98.5 14.192 (4.006) 10.483 (1.708) 9.013 1.355) 7.362 (3.374) 4.315 (1.469)
101.0 14.273 (4.134) 10.527(1.699) 9.046 1.337) 7.399 (3.396) 4.329 (1.464)
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R2=0.5602). Surface area was measured for wood surface in contact with sand since 
termites were not seen on exposed areas after the acclimation period. Termites would 
cover the wood blocks with sand in all other treatments (control, 0.31 g, 1.55 g, 3.10 g 
pine). This only affected the total surface area of the 46.50 g pine treatment, reducing it 
by half. A significant linear relationship of sand removed to tunnel volume was observed 
(F=62.95, df=l, p=0.0001, R2=0.6056). Termites removed 1.433g sand per cm3 of 
tunneling out of a possible maximum of 1.55 g sand/cm3 tunnel. This indicated that 
termites primarily removed sand particles during tunnel formation rather than pushing 
them aside as documented by other researchers (Ebeling and Pence 1957, Reinhard et al. 
1997b).
Termite Numbers in Search Tunnels. Termite number in search tunnels significantly 
increased as available pine decreased (F=6.79, df=72, p=0.0001; Table 1.4). The control 
and 0.31 g pine treatments had termite numbers remaining high while the other 
treatments were significantly lower and peaked during the second day (Figure 1.5). The 
highest mean percentage of termites in search tunnels, at any one observation time, was 
51% for the 0.00 g pine treatment, 42% for the 0.31 g pine treatment, 16% for the 1.55 g 
pine treatment, 14% for the 3.10 g pine treatment, and 7% for the 46.50 g pine treatment. 
In the control and 0.31 g pine treatments, over 32% of termites were observed in the 
tunneling chamber after the second day. These individuals would be grooming or 
otherwise relatively motionless.
Termite Density in Search Tunnels. Termite density in search tunnels decreased 
significantly in response to increasing pine mass (F=2.78, df=72, p=0.0001; Table 1.5). 
Figure 1.6 illustrates the overall decrease in density as time progressed. Termites were
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Table 1.4. Termite number mean and standard deviation (SD) in search tunnels of
different pine mass treatments over a five day period. Treatments with the same letter are
not significantly different from each other.
Mean (SD) number of termite individuals in tunnels by treatment
Time 0.0 gpine 0.31 g pine 1.55 g pine 3.10 gpine 46.50 g pine
(hours) a a b b b
2.5 17.55 (7.71) 11.25(4.09) 10.88(4.85) 12.22 (7.56) 3.33 (1.93)
5.0 36.77 (7.54) 20.12(6.87) 24.44 (8.18) 17.44 (8.44) 5.33 (2.44)
7.5 49.00(14.86) 29.55 (8.24) 33.87(13.59) 24.11 (11.34) 7.11 (5.64)
22.0 83.00 (29.81) 60.44(40.61) 41.II (17.19) 31.62(16.05) 18.57(8.12)
24.0 89.88 (30.01) 64.00 (34.67) 42.55(14.98) 30.00(13.1) 13.55 (7.92)
26.5 100.22 (31.84) 68.55 (47.08) 39.55(17.89) 35.11 (15.16) 17.77(12.80)
29.0 97.44 (46.84) 70.55 (42.08) 35.37(18.73) 31.11 (13.02) 13.44 (7.53)
46.0 99.37(21.66) 82.55 (42.09) 38.66 (25.01) 19.78(15.80) 14.42(12.17)
48.0 118.22(30.54) 82.11 (46.34) 41.00(15.43) 25.55(10.67) 14.33 (9.68)
50.5 114.11 (33.88) 85.44(48.71) 32.22(11.45) 15.00 (8.93) 15.88 (6.56)
53.0 111.66(36.70) 92.66 (51.01) 35.75(15.21) 18.77(10.65) 12.00 (5.87)
70.0 103.12(30.07) 96.77 (38.82) 28.25(18.18) 14.62(10.66) 9.42 (6.67)
72.0 121.77(35.03) 101.11 (42.39) 25.5(15.99) 14.00(12.93) 9.33 (5.56)
74.5 129.00 (36.09) 99.22 (40.49) 25.00(12.43) 15.55(11.12) 9.22 (6.24)
77.0 121.00(38.15) 102.44(38.51) 30.12(14.68) 17.77(11.65) 11.22 (6.45)
94.0 113.25(22.23) 107.55 (52.30) 22.33 (16.48) 19.37(19.20) 8.14(8.57)
96.0 127.00 (43.54) 95.44 (40.35) 25.55 (12.65) 18.33(18.11) 7.66(5.14)
98.5 128.44 (39.68) 102.22(41.95) 25.77(11.70) 18.66(22.18) 8.12(5.71)
101.0 127.77 (38.43) 105.55 (44.71) 25.33 (12.96) 17.88(18.26) 4.25(3.53)
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Table 1.5. Termite density mean and standard deviation (SD) in search tunnels of
different pine mass treatments over a five day period. Treatments with the same letter are
not significantly different from each other.
Mean (SD) termite density in tunnels (individuals per cnO by treatment
Time 0.0 g pine 0.31 g pine 1.55 gpine 3.10 g pine 46.50 g pine
(hours) a a b b b
2.5 23.88 (8.34) 21.32(13.05) 24.86 (8.62) 38.29 (15.97) 39.33 (35.76)
5.0 22.02 (3.17) 15.44 (5.98) 22.38 (5.59) 23.79(10.99) 20.75 (7.19)
7.5 19.15(6.14) 14.58(9.11) 19.81 (5.63) 21.38(8.56) 14.25 (5.30)
22.0 12.80 (6.12) 9.75 (5.40) 9.03 (2.44) 9.34 (3.82) 10.54(1.28)
24.0 12.19(4.59) 9.96 (429) 9.08 (3.14) 8.07(1.78) 7.10(2.30)
26.5 13.09 (5.56) 9.87 (5.79) 7.64 (2.93) 8.91 (3.24) 8.18(3.27)
29.0 12.14(6.54) 9.97 (4.69) 6.18(3.02) 7.62 (2.65) 5.92 (2.46)
46.0 9.61 (2.80) 9.68 (4.16) 5.62 (2.78) 3.41 (1.31) 4.39 (3.40)
48.0 11.17(3.85) 9.46 (4.74) 5.90(1.90) 4.54(1.06) 4.41 (2.33)
50.5 10.39 (3.76) 9.51 (4.26) 4.49(1.30) 2.57(1.54) 5.26 (2.86)
53.0 9.99 (3.76) 10.32 (4.60) 5.14(2.77) 3.17(1.31) 3.84(1.97)
70.0 8.63 (4.14) 10.05 (3.55) 3.72 (2.35) 2.29(1.27) 2.25 (0.94)
72.0 9.95 (4.07) 10.26 (3.88) 3.35 (2.09) 2.10(1.60) 2.62(1.94)
74.5 10.34 (3.87) 9.96 (3.68) 3.05(1.44) 2.33 (1.45) 2.58 (2.18)
77.0 9.66 (3.91) 10.26 (3.48) 3.62(1.75) 2.72(1.27) 3.06 (2.07)
94.0 8.68 (3.46) 10.16(4.53) 2.50(1.76) 2.45(1.40) 2.03 (2.31)
96.0 9.56 (4.18) 9.08 (3.69) 2.95(1.47) 2.51 (1.58) 1.90(1.40)
98.5 9.58 (3.67) 9.73 (4.10) 2.95(1.44) 2.20(1.58) 1.99(1.20)
101.0 9.32 (3.20) 10.04(4.11) 2.86(1.54) 2.22(1.31) 1.20(1.17)
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densely packed in all search tunnels during the first observation (2.5 hr). After 50.5 
hours, termite density in search tunnels decreased, but only slightly.
Soldier Number, Density and Percent Workers in Search Tunnels. Soldier number 
significantly increased in search tunnels with decreasing pine mass (F=1.42, df=72, 
p=0.0383; Table 1.6 and Figure 1.7). Soldier number in search tunnels increased until the 
second day where after they remained relatively stable. However, there were no 
significant differences in soldier density among treatments (F=1.15, df=72, p=0.2399). 
Soldier density ranged from a high of 3.36 (±3.57) to a low of 0.22 (+0.29) soldiers/cm3 
(Table 1.7) and decreased with time in each treatment (Figure 1.8). Soldiers traveled 
about the tunnel networks but were generally not as active as workers. There were 
significant differences among treatments in the percentage of workers in search tunnels 
(F=7.00, df=4, p=0.0059). As food size increased, the percentage of workers in search 
tunnels significantly decreased (Table 1.8 and Figure 1.9).
DISCUSSION
Increased survival at higher pine masses may have contributed to the small 
increases in consumption for the 0.31 g, 1.55 g, and 3.10 g pine treatments, but the 
highest survival for the 46.50 g pine treatment was not large enough to account for the 
increase in consumption. Workers termites in the 3.10 g pine treatment consumed 0.11 
mg pine/termite/day, while in the 46.5 g pine treatment, they consumed 0.33 mg 
pine/termite/day. So, the increase in food size resulted in a 300% increase in 
consumption. A higher consumption rate of larger wood masses agrees with feeding 
studies o f Akhtar and Jabeen (1981), Howick (1975), and Waller (1988). Survival and 
tunnel volume were inversely related. The reduced survival for higher search tunnel
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Table 1.6. Soldier number mean and standard deviation (SD) in search tunnels of
different pine mass treatments over a five day period. Treatments with the same letter are
not significantly different from each other.
Mean (SD) soldier number in search tunnels by treatment
Time 0.0 g pine 0.31 g pine 1.55 gpine 3.10 g pine c 46.50 g pine
(hours) a ab b c d d
2.5 1.44(1.33) 0.75 (0.70) 0.55(1.01) 1.00(0.86) 0.11 (0.33)
5.0 2.11 (1.76) 2.00(1.60) 1.33 (1.22) 1.77(1.39) 0.44 (0.52)
7.5 3.11 (2.14) 2.11 (1.76) 3.12(2.23) 2.33(1.41) 0.33 (0.50)
22.0 6.37(2.61) 6.00 (2.95) 5.66 (2.64) 4.12(1.55) 3.00 (2.00)
24.0 8.44 (2.83) 7.00 (5.70) 5.55 (2.50) 4.22 (2.10) 2.00 (1.50)
26.5 7.88 (3.75) 7.77 (4.02) 6.22 (2.94) 5.22 (2.22) 2.66 (2.17)
29.0 8.44 (4.74) 7.00 (2.23) 5.12(2.41) 4.22(1.92) 2.22(1.56)
46.0 6.75 (2.49) 6.44 (2.65) 5.66 (2.87) 4.25 (2.31) 2.71 (1.97)
48.0 7.55 (3.08) 6.55 (2.65) 5.44 (2.55) 4.88 (2.89) 2.33 (1.73)
50.5 8.55 (3.50) 6.66(1.32) 5.66 (3.42) 4.00 (2.12) 3.11 (1.16)
53.0 9.00 (4.63) 7.66 (3.04) 6.87 (2.58) 4.33 (2.23) 2.66(1.65)
70.0 7.37 (4.95) 7.88 (4.07) 5.25 (3.95) 3.12(2.10) 2.14(1.34)
72.0 8.00 (4.74) 8.77 (3.45) 4.87 (3.60) 2.77 (3.07) 2.44 (2.12)
74.5 8.66 (2.73) 8.00 (327) 5.00 (2.78) 4.11 (3.29) 2.44(1.13)
77.0 9.77 (3.49) 8.33 (3.50) 5.12(3.18) 4.00 (2.23) 1.88(1.16)
94.0 8.00 (3.07) 8.11 (4.25) 3.77 (2.27) 4.00 (2.92) 2.00(1.00)
96.0 8.33 (3.50) 7.44 (3.04) 5.66 (3.24) 3.88 (3.05) 1.77(1.56)
98.5 9.22 (3.07) 8.11 (3.05) 4.33 (2.29) 4.11 (2.36) 2.50 (2.20)
101.0 9.77(1.98) 8.44 (3.00) 5.11 (2.36) 4.22 (2.36) 0.87(1.12)
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Table 1.7. Soldier density mean and standard deviation (SD) in search tunnels of different 
pine mass treatments over a five day period. Treatments were not significantly different 
from each other.
Time
(hours)
Mean (SD) soldier density (soldiers per cmJ) in search tunnels by treatment
0.00 g pine 0.31 g pine 1.55 g pine 3.10 g pine 46.50 g pine
2.5 1.77(1.51) 1.09(1.11) 1.10(1.80) 3.36(3.57) 1.42(4.01)
5.0 1.23 (0.95) 1.43(1.28) 1.16(0.97) 2.28(1.32) 1.35(1.51)
7.5 1.19(0.83) 1.25(1.61) 1.75(1.06) 1.81 (0.50) 0.71 (1.02)
22.0 0.96 (0.51) 1.05 (0.46) 1.20(0.42) 1.37(0.74) 1.52 (0.36)
24.0 1.15(0.44) 1.10(0.77) 1.15(0.44) 1.12(0.67) 1.01 (0.76)
26.5 1.02(0.58) 1.22 (0.66) 1.20 (0.59) 1.35 (0.42) 1.19(0.56)
29.0 1.08 (0.78) 1.08 (0.42) 0.86 (0.40) 1.02 (0.47) 0.90 (0.58)
46.0 0.64 (0.26) 0.81 (0.32) 0.81 (0.39) 0.88 (0.54) 0.87 (0.64)
48.0 0.71 (0.34) 0.82 (0.37) 0.75 (0.31) 0.87 (0.45) 0.74 (0.59)
50.5 0.80(0.41) 0.82 (0.20) 0.79 (0.45) 0.70 (0.35) 1.03 (0.49)
53.0 0.84 (0.58) 0.89 (0.30) 0.98 (0.44) 0.85 (0.59) 0.85 (0.58)
70.0 0.66 (0.60) 0.83 (0.48) 0.68 (0.51) 0.50 (0.39) 0.54 (0.35)
72.0 0.67 (0.50) 0.92 (0.37) 0.63 (0.46) 0.45 (0.40) 0.64 (0.62)
74.5 0.70 (0.32) 0.83 (0.36) 0.62 (0.37) 0.63 (0.53) 0.64 (0.39)
77.0 0.81 (0.45) 0.87 (0.42) 0.64 (0.43) 0.61 (0.33) 0.49 (0.37)
94.0 0.62 (0.36) 0.79 (0.39) 0.42 (0.25) 0.63 (0.55) 0.47 (0.16)
96.0 0.64 (0.39) 0.71 (0.28) 0.66 (0.39) 0.58 (0.46) 0.45 (0.41)
98.5 0.67 (0.25) 0.78 (0.30) 0.49 (0.28) 0.66 (0.48) 0.63 (0.62)
101.0 0.71 (0.19) 0.82 (0.29) 0.57 (0.26) 0.60 (0.40) 0.22 (0.29)
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Table 1.8. Percent worker mean and standard deviation (SD) in search tunnels of
different pine mass treatments over a five day period. Treatments with the same letter are
not significantly different.
Mean (SD) percent workers of termites in search tunnels by treatment
Time 0.0 g pine 0.31 g pine 1.55 g pine 3.10 gpine 46.50 g pine
(hours) a ab b c c c
2.5 87.94(15.73) 92.91 (6.52) 95.75 (7.00) 92.37 (6.63) 83.33 (35.35)
5.0 94.54 (4.00) 90.64 (6.78) 94.61 (5.27) 89.04 (7.57) 81.83(3.17)
7.5 93.56 (4.78) 93.02 (4.62) 90.61 (6.42) 90.20 (4.16) 84.69 (32.51)
22.0 91.89 (3.60) 87.65 (6.99) 85.84 (6.91) 83.89(10.88) 85.29(4.21)
24.0 90.21 (3.13) 88.11 (8.05) 86.11 (7.09) 84.97 (9.18) 86.27 (9.27)
26.5 92.21 (2.76) 85.96 (7.68) 83.59 (85.76) 83.57 (5.74) 82.61 (11.27)
29.0 91.12(3.08) 87.80 (5.89) 85.76 (7.20) 86.60 (3.72) 83.91 (12.62)
46.0 93.35(1.92) 89.48 (8.45) 81.90(1.11) 73.17(14.99) 79.30(15.04)
48.0 93.24 (3.35) 88.66 (8.48) 86.47 (5.23) 81.56 (6.70) 81.08(11.44)
50.5 92.29 (2.76) 88.81 (7.86) 83.22 (7.28) 63.04(26.14) 79.70 (5.78)
53.0 92.07 (4.04) 90.31 (4.19) 79.50 (5.96) 73.55(12.79) 78.56 (7.77)
70.0 93.15 (3.12) 92.16(2.88) 81.43(1.10) 76.60(18.33) 76.06(15.80)
72.0 93.27(1.11) 90.66 (3.11) 83.42(11.51) 76.47(19.16) 76.79 (17.98)
74.5 91.81 (2.10) 91.24(3.29) 77.30 (9.75) 67.60 (30.63) 68.72 (23.57)
77.0 91.81 (2.10) 91.20 (3.63) 81.03(10.31) 67.78 (27.50) 81.80(11.20)
94.0 93.03 (1.85) 91.18(5.44) 80.66(16.50) 66.60 (30.12) 51.19(37.08)
96.0 93.35 (2.10) 91.82(2.53) 78.74(12.89) 76.68 (9.48) 74.66 (22.78)
98.5 92.72(1.74) 90.64 (5.20) 77.40(18.45) 62.49(21.39) 62.68(31.79)
101.0 91.89 (2.44) 90.92 (4.20) 76.65 (8.37) 64.22 (20.64) 69.43 (38.83)
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volumes appears to be a cost associated with search behavior, but a lower consumption 
rate could also influence survival. Final search tunnel volume and resource consumption 
were also inversely related. When consumption was greater, as for the 46.50 g pine 
treatment (Figure 1.2), exploratory tunnel volume was less (Figure 1.4), and when 
consumption was less, as for the 0.31 g pine treatment (Figure 1.2), exploratory tunnel 
volume was greater (Figure 1.2). This relationship of increased search tunnel volume 
when low food levels are present compliments Lenz’s (1994) suggestion, that feeding 
may be adjusted to prolong survival. This combination of behavioral changes, 
consuming less while searching more, in the presence of low food resources would 
increase a colony's probability of finding new resources.
A possible reason for increased food consumption when provided a larger food 
source is the presence of chemical signals from labial gland secretions. Reinhard and 
Kaib (1995) investigated the African termite Shedorhinotermes lamanicmus and the 
behavioral response to labial and sternal gland secretions. They found that the labial 
gland secretion stimulated gnawing at the secretion site. If a similar secretion is present 
in Coptotermes formosanus, then the increase in surface area of available pine might 
stimulate increased consumption, since gland secretion could be spread over a larger area.
Increasing food consumption would presumably require more time and possibly 
detract from time spent in search tunnel excavation. Excavation rates did decrease with 
increasing pine mass on each day and also decreased each successive day. The lack of a 
food stimulus in the tunneling chamber may have been responsible for initial excavation 
rate not being sustained. Reinhard et al. (1997b) found that Reticulitermes santonensis 
made exploratory trails that were directed towards wood, but highly branched undirected
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trails occurred when no wood was present. The directed trails were attributed to termites 
orienting to volatiles emanating from the wood. Amburgey and Smythe (1977) studied 
shelter tube construction of Reticulitermes flavipes in response to brown rotted wood. 
They recorded less shelter tube construction in treatments without any wood compared to 
treatments with decayed and sound wood. This suggests that termites can assess an area 
for food resources and adjust activity. In the present experiment, termites appear to have 
been initially motivated to search at different rates based on available food size. 
Decreasing excavation rates (Figure 1.3) may be a result of the lack of a food stimulus 
received from search activities.
Density of total termites in search tunnels was either high (control and 0.31 g pine 
treatments) or low (1.55, 3.10, 46.50 g pine treatments) (Figure 1.6). The high density 
was attributed to the cluster of termites in search tunnels that were grooming or otherwise 
motionless and not engaging in tunnel excavation. Less time consuming pine would help 
to contribute to an aggregation in the tunnel chamber. The three larger food sizes (1.55, 
3.10, and 46.50 g pine) did not have more than 20%, 15%, and 8% (respectively) of the 
population in search tunnels at a single time. This percentage of termites in search 
tunnels of larger food sizes suggests that, when a food resource will last more than two 
months, only a low proportion of termites will be searching at any one time. However, 
the termites density in tunnels were constant among those treatments (Table 1.5). It 
appears that termite density in search tunnels may be relatively constant. Unstable 
conditions, such as minimal food resources may encourage termite population movement 
to other areas.
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Delaplane et al. (1991) found that soldiers will locate at a food source and 
attributed this to be a defense mechanism. In another study, increasing the percentage of 
soldiers in Coptotermes formosanus was found to increase termite numbers at a new 
foraging site (Wells and Henderson 1993). This may support why soldier numbers in 
search tunnels was inversely correlated to available food size (Figure 1.8). However, 
tunnel size was positively correlated to soldier number in search tunnels with soldier 
density not significantly affected by available food size. Having a consistent density of 
soldiers in exploratory areas may also be a defense strategy to limit potential costs of 
search, without detracting heavily from soldier presence at a foraging site. Increasing or 
decreasing soldier percentage in Coptotermes formosanus has been found not to influence 
exploration by shelter tube construction (Cornelius and Grace 1997). Soldier location in 
search tunnels may be regulated more by trail pheromones rather than by an indirect 
effect of available food size.
Search under certain conditions appears to be worker determined in Coptotermes 
formosanus (Cornelius and Grace 1997), as it is for Reticulitermes santonensis (Reinhard 
et al. 1997). Though, soldier involvement in search, by a hole making behavior in 
neighboring shelter tubes, has been documented (Chen and Henderson 1997). Reinhard 
et al. (1997b) state that soldier initiated search, such as in Shedorhinotermes lamanianus, 
is usually found in species with a very high soldier proportion (up to 40%).
The 90% worker composition of a Coptotermes formosanus colony (Haverty 
1977) was present in search tunnels in the control and 0.31 g pine treatment. In contrast, 
mean percent workers in search tunnels decreased only for larger pine masses (1.55 g,
3.10 g, and 46.5 g) during the last three days of the experiment. This was a result of
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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worker number declining (Table 1.4) rather than soldier number changing (Table 1.6). 
Similarly, Delaplane et al. (1991), suggested that soldier percentage increased at food 
sites in early winter due to a disproportionate decrease in worker number. They 
suggested that soldiers may be influenced more so than workers by highly persistent trail 
pheromones.
The influence of resource size on amount o f search behavior has implications for 
termite baiting. Termite control is most commonly attempted after infestations are 
discovered in a structure. Wooden structures represent a large food resource that may 
limit termite search for new food sources, as evidenced by the results presented here. A 
resultant decrease in search activities would decrease the chances of termites finding a 
bait placed in the vicinity of an infested structure.
Some research has been conducted on assessing subterranean termite feeding 
territories (Su and Scheffrahn 1988a, Su and Schef&ahn 1988b). The representation of 
territories appears to suggest that subterranean termites may search a whole area 
inclusively. However, since the placement method of wooden stakes does influence 
attack rates (Henderson et al. 1997), termites may search area selectively. However, 
more research on how and where subterranean termites distribute their search activities, 
within feeding territories and around different foraging sites, is needed to improve bait 
placement. Establishing definitive environmental and biological factors that indicate 
relative probability of subterranean termite attack would enhance bait placement.
This study demonstrated that an increase in food size increased consumption rate. 
Increased consumption was also shown to occur in larger baits by Waller and La Fage 
(1987). Larger baits may also intercept searching termites more often than smaller baits
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and could lead to greater toxicant introduction. The total amount of toxicant in a larger 
bait would still be much less than the total amount of toxicant applied in a traditional 
liquid barrier treatment. Larger baits are not suggested to replace smaller baits, but rather 
suggested for consideration as a useful means o f increasing treatment efficacy.
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CHAPTER II
VARYING RESOURCE SIZE EFFECTS ON SEARCH TUNNEL 
NETWORK COMPOSITION OF THE FORMOSAN 
SUBTERRANEAN TERMITE, COPTOTERMES FORMOSANUS
INTRODUCTION
Gallery systems of subterranean termite colonies have been excavated and 
mapped for Coptotermes formosanus (King and Spink 1969), Coptotermes acinaciformis 
(Greaves 1959, 1962), Coptotermes brunneus Gay (Greaves 1962), and Coptotermes 
lacteus (Ratcliffe and Greaves 1940) revealing the branching nature of subterranean 
tunnels. Search behavior in subterranean termites has been studied far less than foraging 
behavior and has mainly been with Reticulitermes spp. Reticulitermes flavipes were 
reported to form search tunnels that divided a search area into equal parts (Robson et al. 
1995). This results in an increased area being searched without repetition of tunnels in 
any previously explored area (Robson et al. 1995). They also note that tunnel direction 
did not significantly change from measurements taken 5, 10, and 20 cm from the entry 
point. This quality appears similar to what Ratcliffe and Greaves (1940) noted about a 
field excavation of subterranean foraging galleries of C. lacteus, in which individual 
tunnels progress in a general direction. This tunnel quality of meandering in a steady 
direction (Ratcliffe and Greaves 1940) would appear to be a form of environment 
scanning (Bell 1990). Other laboratory experiments have also examined the process of 
search tunnel excavation (Reinhard et al. 1997) and shelter tube construction (Amburgey 
and Smythe 1977) of Reticulitermes spp. They found that the general orientation of 
tunnels and shelter tubes were influenced by the presence of nearby sound (Reinhard et 
al. 1997) or decayed wood (Amburgey and Smythe 1977).
37
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While search and foraging behavior of other social insects, such as ants, can be 
organized and systematic (Detrain et al. 1991, Bernstein 1975, Traniello 1989), 
subterranean termites, which also use trail pheromones, may also have some system for 
efficient search (Traniello and Robson 1995). Considering also that animals have 
survival strategies when subject to declining or inadequate resources (Bell 1990), some 
situations, such as minimal food resources are hypothesized to initiate more thorough 
search by the Formosan subterranean termite. The focus of this chapter was to ascertain 
if available food size affects search tunnel composition. Search tunnel composition was 
evaluated by the number, length, and volume of tunnels in a network as a whole and in 
branching levels. Length and volume of branching levels were also evaluated for 
contribution to a network, while accounting for differences in network size.
METHODS AND MATERIALS
Five treatments differed in the mass of pine (Highland Hardware & Garden 
Center, Baton Rouge, LA) available to the termites. The pine masses used, 0.00 g 
(control), 0.31 g, 1.55 g, 3.10 g, or 46.50 g, were based on a preliminary laboratory 
experiment indicating that 250 Formosan subterranean termites consumed an average of 
31 mg of wood per gram of termite per day (mg/g/day). If feeding remained constant 
among all colonies, then the pine masses would be consumed in: 0 days for 0.00 g pine, 
12 days for 0.31 g pine, 60 days for 1.55 g pine, 120 days for 3.10 g pine, or 1800 days 
(approximately five years) for 46.50 g pine. All pine surfaces were sanded, making all 
sides evenly smooth.
The five food sizes were tested using 250 Formosan subterranean termites (10% 
soldiers) with three replications for each of the three colonies used per food size (N=45).
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This resulted in nine units conducted for each food size tested. Termite colonies were 
collected from Sam Houston Jones State Park, Westlake, LA in November 1996, Brechtel 
Park, New Orleans, LA in April 1997, and Slidell St., New Orleans, LA in April 1997. 
Colonies were kept in covered 140 liter plastic trash cans until termites were extracted for 
experiments. Due to logistical difficulties, only five to ten experimental units were run at 
a single time. Each unit was allowed to run for six days. The 45 experimental units ran 
over a period of 60 days, from June 7 to July 30, 1997. Mean temperature for the 
laboratory was 26.1°C (+2.0°C standard deviation).
The experimental apparatus (Figure 1.1) consisted of a circular food chamber 
connected to a tunneling chamber without food. The plastic circular chamber, 20.5 cm 
diameter by 8 cm tall (Pioneer Packaging, Dixon, K.Y), was filled with approximately 
350 cm3 of #4 blasting sand (Easy Crete Inc., Greenwell Springs, LA) to a depth of 2 cm. 
The sand had a mean mass o f 546.66 g (+3.09 g SD) and was moistened with 20 ml of 
distilled deionized water. Pine blocks were set in the sand with one side exposed in the 
center of the circular chamber. The feeding chamber was fitted in the center on top of a 
square (60 cm x 60 cm x 0.9 cm) tunneling chamber, which was constructed from two 
sheets (60 cm x 60 cm x 0.3 cm) and four narrow edge strips (1.5 cm x 0.3 cm x 60 cm or 
58.5 cm) of Perspex® CP acrylic (ANC Plastics, Houston, TX). Inner dimensions of the 
tunneling chamber were 57 cm x 57 cm x 0.3 cm. The tunneling chamber was 
completely filled with approximately 990 cm3 of #4 blasting sand and moistened with 80 
ml distilled deionized water. Two wooden clamps and 24 binder clips (9 mm capacity) 
kept the Perspex® sheets tightly bound against the sand. A 0.4 cm diameter hole 
connected both tunnel and food chambers to allow termite travel between them. The hole
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was obstructed by inserting a hard plastic disc between the two chambers, so termites 
could not enter the tunneling chamber until it was removed. Tunneling apparatuses were 
suspended 90 cm above the floor, via wooden supports, which allowed an observer to 
view termite activity in the tunneling chamber from below.
Termites were acclimated for approximately 24 hours in the circular chamber and 
then allowed access to the tunneling chamber by removing the plastic disc. Tunnel 
excavations were recorded after five days. Tunnel network patterns were transferred to 
graph paper by using a clear plastic film that was marked with a 5 cm grid and placed 
against the tunnel chamber as a guideline. Each 5 cm grid section of the tunneling 
chamber was drawn into a 1.3 cm grid section on graph paper. Tunnels within the 
network were categorized by adapting Gravelius’ system for stream order categorization 
(Selkirk 1982). Gravelius’ system was chosen because it allowed primary tunnel 
categorization to start at the initial entry point into the tunnel chamber. Categorization at 
the entry point, as opposed to the ends of search tunnels allowed consistent classification 
of tunneling structure irregardless of the amount of tunneling. Each tunnel branch was 
designated into one of the following orders: primary, secondary, tertiary, or quaternary. 
All tunnels originating from the initial entry point into the tunnel chamber were classified 
as primary. Primary tunnels extended to the farthest point possible within that tunnel. 
Each tunnel branching from a primary tunnel was classified as secondary and extended to 
the farthest point possible of that tunnel. Tertiary tunnels branched from secondary 
tunnels and quaternary tunnels branched from tertiary tunnels. Tunnel lengths in each 
branch order were recorded after the fifth day. Widths were measured at each cm of 
tunnel length. Tunnels were assumed to have straight vertical edges for volume to be
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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calculated by multiplying length x width x height. Height was assumed to be 0.2 cm 
because tunnels did not extend completely from bottom to top o f the tunneling chamber 
(0.3 cm). Initial and final weights of feeding chamber sand mass were recorded using a 
Mettler PM4600 DeltaRange® scale (Mettler Instrument Corporation, Highstown, NJ). 
Final counts of termites in both chambers were recorded to determine survival. Total 
volume and total length of a network, total length and volume o f each branching order, 
length and volume of individual tunnels by order, percentage length and volume of each 
branching order within a network, and date of experimental unit conductance were 
analyzed by an ANOVA via the mixed procedure (SAS Institute 1996). Survival was 
analyzed by an ANOVA via the general linear models procedure (SAS Institute 1996) to 
determine significant differences between treatments. Tukey’s means separation test was 
used for the mixed and general linear models procedures. Total number of tunnels in a 
network and number of tunnels per branching order within networks were analyzed by a 
chi-square test of independence (SAS Institute 1996). An alpha level of 0.05 was used to 
determine significant differences for all statistical tests.
RESULTS
The date at which experimental units ran was found not to be significant factor 
influencing total tunnel network length (F=1.07, df=5, p=0.4008), total network volume 
(F=1.02, df=5, p=0.4256), branching order length (F=0.93, df=5, p=0.4675), or branching 
order volume (F=0.99, df=5, p=0.4253). Survival increased with increasing pine mass, 
but only the 46.5 g pine was significantly different from the 0.31 g pine and control 
treatments (Table 1.1). Sand mass change in the food chamber was a significant indicator 
of tunnel volume (Figure 2.1) (F=62.95, df=l, p=0.0001, R2=0.6056). This strong
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Figure 2.1. Sand mass removed from the tunnel chamber per total volume tunneled for each apparatus.
Correlation statistics are provided to the right of the graph.
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relationship indicates that termites formed tunnels mainly by removing sand rather than 
by pushing sand particles aside as has been documented by other researchers (Ebeling 
and Pence 1957, Reinhard et al. 1997b).
Tunnels network maps are depicted in Figures 2.2, 2.3, 2.4, 2.5, and 2.6. The 
maps are oriented in the same compass direction and illustrate how networks varied 
insize and branching as available food size changed. Two quaternary tunnels occurred in 
two separate experimental units. The data from these two short tunnels (0.00 g pine 
treatment: 2.3 cm length, 0.152 cm3 volume and 0.31 g treatment: 0.7 cm length, 0.028 
cm3 volume) were not included in the statistical analysis for simplification of branching 
order analysis.
Total number of tunnels in a network significantly increased as available pine 
mass decreased (X2=72.33, df=4, p=0.001; Figure 2.7). Total length and total volume of 
networks significantly increased as available pine decreased (F= 11.00, df=4, p=0.0025; 
F=12.94, df=4, p=0.0014; Figures 2.8, 2.9, respectively).
Networks were also compared among treatments by branching orders. The 
number of tunnels in each order (primary, secondary, and tertiary) were significantly 
different from each other (X2=153.33, df=2, p=0.001; Figure 2.10). Increasing food size 
significantly reduced the number of secondary tunnels (X2=55.21, df=2, p=0.001) and 
tertiary tunnels (X2=43.11, df=2, p=0.001), but the number of primary tunnels was not 
significantly affected (X2=2.43, df=2, p=0.656; Figure 2.10). A pattern for all treatments, 
except the 46.50 g pine treatment, was that secondary tunnels were the greatest in 
number, followed by primary then tertiary tunnels. The 46.50 g pine treatments had more
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Figure 2.2. Drawings of tunnel excavations by 250 termites over five days in a tunneling 
chamber with no pine (control) in a separate feeding chamber.
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Figure 2.3. Drawings o f tunnel excavations by 250 termites over five days in a tunneling 
chamber with 0.31 g pine in a separate feeding chamber.
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Figure 2.4. Drawings of tunnel excavations by 250 termites over five days in a tunneling 
chamber with 1.55 g pine in a separate feeding chamber.
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Figure 2.5. Drawings of tunnel excavations by 250 termites over five days in a tunneling 
chamber with 3.10 g pine in a separate feeding chamber.
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Figure 2.6. Drawings o f tunnel excavations by 250 termites over five days in a tunneling 
chamber with 46.50 g pine in a separate feeding chamber.
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primary tunnels (mean = 2.44) followed by secondary tunnels (mean = 2.22) then tertiary 
tunnels (mean = 0.11) (Figure 2.10).
Total branching order length and total branching order volume had significant 
differences among orders (F=320.33, df=2, p=0.0001; F=287.93, df=2, p=0.0001; Figures 
2.11, 2.12, respectively). Primary tunnels had the largest length and volume followed by 
secondary tunnels, then tertiary tunnels. Primary and secondary total tunnel order length 
and volume significantly increased as available pine decreased (F=10.53, df=4, 
p=0.0028; F=12.21, df=4, p=0.0017, respectively), but tertiary branching order length 
was not affected by available pine mass (Figures 2.11, 2.12).
Individual tunnel lengths and volumes were significantly different among 
branching orders (F=270.94, df=2, p=0.0001; F=280.64, df=2, p=0.0001, respetively), 
with primary tunneling having the greatest length and volume followed by secondary 
then tertiary tunnels (Figures 2.13, 2.14). Although there was a trend of increasing 
individual tunnel length and volume within a single order when pine mass decreased it 
was not significant (F=0.77, df=4, p=0.5708; F=1.24, df=4, p=0.3685; Figures 2.13, 2.14, 
respectively).
Tunnel order length and volume, expressed as the percentage of total tunnel 
network, resulted in significant differences among orders (F=955.32, df=2, p=0.0001; 
F=1192.47, df=2, p=0.0001; Figures 2.15, 2.16). Primary tunnels composed the majority 
of a network, followed by secondary tunneling with minimal tertiary tunneling (Figures 
2.15,2.16). As available pine increased, the network proportion of primary tunnel length 
and volume significantly increased while the network proportion of secondary tunneling 
length and volume significantly decreased (F=6.69, df=8, p=0.0001; F=5.44, df=8,
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p=0.0001). Network proportion of tertiary tunnels were not significantly affected by food 
size.
DISCUSSION
Minimizing energy used in search tunnel formation would be advantageous to the 
termite colony. An efficient search system would minimize total tunnel length and 
average tunnel length to any one location in a search area. This would limit the total 
energy used in tunnel excavation and, once a food source was located, it would produce a 
fairly direct foraging route. Comparing three general patterns, originating from a single 
point, of spiral, radial, and branched reveals how each has advantages and disadvantages 
(Leopold 1971, Stevens 1974). A spiral pattern when touching all points within an area 
has minimal total path length but the longest average path length to any one location. A 
radial pattern has a minimum average path length to any one location but the longest total 
path length. Branching patterns do not have the lowest total path length or the lowest 
average path length, but have close to minimum total path length and average path length 
(Leopold 1971, Stevens 1974). So, branching patterns would offer subterranean termites 
an efficient tunneling strategy that would keep overall energy expenditure in search and 
foraging minimal compared to a spiral or radial pattern. Formosan subterranean termite 
tunnels formed branching patterns in this study, as has been documented by others (Chen 
and Henderson 1997) and as has been demonstrated for Reticulitermes spp. (Amburgey 
and Smythe 1977, Reinhard et al. 1997). Formosan subterranean termite search pattern 
therefore may be a strategy o f energy conservation.
Gravelius’ categorizing system for branching systems does predispose that 
primary tunnels will be the longest. However, the system does not limit the number of
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secondary or tertiary tunnels. The experimental apparatus used in this study may have 
influenced network pattern by having only a single point for primary tunnels to originate 
from. A larger entry area would have a greater circumference for primary tunneling to 
start from compared to a single entry point. This may have influenced why there were no 
significant differences in the number of primary tunnels between treatments. The 
restricted tunneling area increased the likelihood that secondary tunneling would connect 
with other tunnels forming an interconnected network, possibly limiting the path length 
of secondary and tertiary tunnels. Connections by secondary tunnels only occurred in a 
minority (38%) of the networks. They occurred more often in the control and 0.31 g pine 
treatments (67%), which all ready had a greater secondary and tertiary tunnel length. So, 
although primary tunnels may have been affected, the experimental apparatus did not 
appear to influence the observed trends of increasing secondary and tertiary tunnel length 
with decreasing available food size.
Environmental influences on a Formosan subterranean termite colony, such as 
available food size, would be expected to impact tunneling patterns. Search tunneling 
pattern was influenced by decreasing available food size, which increased the total 
number, total length and total volume of tunnels (Figures 2.7, 2.8, 2.9). Thus, the overall 
amount of search by the Formosan subterranean termite was negatively related to 
available food size. The composition of network patterns was influenced by available 
food size as well. Secondary and tertiary tunnel number was significantly influenced by 
available food size and may be directly related to tunneling rate, with higher excavation 
rates (Figure 1.3) resulting in a greater number of secondary and tertiary tunnels. 
Conversely, a lower excavation rate, may result in termites excavating a lesser number of
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secondary and tertiary tunnels. A possible strategy for lowering the number o f secondary 
and tertiary tunnels may be that it allows for primary tunnel length to be increased, 
resulting in the distance traveled from the center o f origin being maximized, potentially 
increasing the probability for finding food resources nearby. Formosan subterranean 
termites in response to lower food availability, increased their search activity by 
increasing the length and volume of primary tunneling, increased the number, length, and 
volume of secondary tunneling, and increased the number o f tertiary tunnels. This 
increased branching o f networks is interpreted as more thorough, more extensive, and 
more costly search.
The branching emphasis o f a search pattern directly influences how well an area is 
searched. Comparison of tunnel orders as a percentage o f the total tunnel network 
revealed that primary tunneling comprised the greatest proportion of a network (Figures 
2.15, 2.16), and this proportion increased with increasing food size. So a field population 
with access to a large food source would, presumably, have a search path constructed 
mainly of primary tunnels. These primary tunnels can be the main determining factor in 
how well an area is searched. Robson et al. (1995) suggested that the direction primary 
exploratory tunnels for Reticulitermes flavipes divided a search area evenly. This quality 
appears to be similar to primary search tunnels of C. formosanus (Figures 2.2, 2.3, 2.4, 
2.5, 2.6). Branching patterns exhibited in this study also appear to be similar to 
subterranean galleries that have been excavated for C. formosanus (King and Spink 
1969), C. lacteus (Ratcliffe and Greaves 1940), C. acinaciformis (Greaves 1959, 1962), 
and C. brunneus (Greaves 1962), in that the majority o f tunnels are primary. C. 
acinaciformis tunnel excavations can show variation of secondary tunneling being more
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frequent. Searching of an area from a central point with emphasis on primary tunneling 
can have different effects on nearby and distant areas. As primary tunnels extend from a 
central source, the area between primary tunnels increases as distance from the source 
increases. Secondary tunneling would serve to lessen this area, as in C. acinaciformis 
(Greaves 1962). Secondary tunneling can also result in a network being interconnected, 
which could result in a shorter path to a foraging site. C. formosanus has been shown to 
connect tunneling from separate directions, suggesting that a interconnected network may 
be purposely executed (Chen and Henderson 1997). However, secondary and tertiary 
tunneling may not completely innervate relatively distant areas. So primary tunnels 
remain an important determinant of whether a particular distant area is searched.
This experiment demonstrated that nearby areas were searched much less when 
relatively large food sizes were available, but secondary tunnels would innervate areas 
between primary tunnels of nearby areas sooner than distant areas. This supports the 
hypothesis why new foraging sites have been recorded to be located closer to conducive 
or known foraging areas for C. formosanus (Henderson et al. 1997) and Heterotermes 
aureus (Jones et al. 1987, Haverty et al. 1975). Areas located far from a nest or foraging 
site are less likely to be searched especially when a colony has access to a large food 
source. This does not exclude the potential for limited search near a large food source.
Knowledge of a subterranean termite search strategy should be applicable when 
controlling subterranean termites by baits. Effective bait placement depends on factors 
such as interpreting the environment appropriately as did Gay (1946) when reading the 
landscape to determine where to start excavating for a C. frenchi colony invading a 
structure. Further research is needed to develop a methodology for predicting and
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intercepting foraging activity, for the purpose of placing baits. If one intends to intercept 
foraging activity of a subterranean termite, than the following would seem necessary to 
be mapped: foraging sites with relative activity, potential foraging sites with potential and 
applied chemical gradients, possible colony locations, and areas with and without 
adequate moisture. Approaches to bait placement that account for a branched foraging 
pattern should be compared for effectiveness in generating new foraging sites of a termite 
colony.
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
REFERENCES
Amburgey, T.L. and R. V. Smythe. 1977. Shelter tube construction and orientation by 
Reticulitermes flavipes in response to stimuli produced by brown rotted wood. 
Sociobiology 3(1): 27-34.
Akhtar, M.S. and M. Jabeen. 1981. Influence of specimen size on the amount of wood 
consumed by termites. Pakistan J. Zool., 13(1&2): 79-84.
Bell, W.J. 1990. Searching behavior patterns in insects. Annu. Rev. Entomol. 35:447- 
467.
Bernstein, R.A. 1975. Foraging strategies of ants in response to variable food density. 
Ecology. 56(1):213-219.
Chambers, D.M. 1986. The distribution, bionomics, ecology, and control of the Formosan 
subterranean termite Coptotermes formosanus Shiraki in South Carolina. Ph.D. 
Dissertation, Dept, of Entomology, Clemson University, Clemson, SC. 134 pp.
Chen, J. and G. Henderson. 1997. Tunnel and shelter tube convergence of Formosan 
subterranean termites (Isoptera: Rhinotermitidae) in the laboratory. Sociobiology 
30(3):305-318.
Cornelius, M.L. and J.K. Grace. 1997. Effect of termite soldiers on the foraging behavior 
of Coptotermes formosanus (Isoptera: Rhinotermitidae) in the presence of predatory 
ants. Sociobiology 29(3):247-253.
Delaplane, K.S. 1987. Variance in feeding on equivalent wood blocks by the Formosan 
subterranean termite in laboratory choice test. Sociobiology. 13(3):227-233.
Delaplane K.S. and J.P. La Fage. 1989a. Foraging tenacity of Reticulitermes flavipes and 
Coptotermes formosanus (Isoptera: Rhinotermitidae). Sociobiology 16(2):183-189.
Delaplane K.S. and J.P. La Fage. 1989b. Preference for moist wood by the Formosan 
subterranean termite (Isoptera: Rhinotermitidae). J. Econ. Entomol. 82(1): 95-100.
Delaplane, K.S., A.M. Saxton, and J.P. La Fage. 1991. Foraging phenology of the 
Formosan subterranean termite (Isoptera: Rhinotermitidae) in Louisiana. Am. Midi. 
Nat. 125(2): 222-230.
Detrain, C., J.L. Deneubourg, S. Goss, and Y. Quinet. 1991. Dynamics of collective 
exploration in the ant Pheidole pallidula. Psyche 98(1 ):21-31.
Ebeling, W. and R.J. Pence. 1957. Relation of particle size to the penetration of 
subterranean termites through barriers of sand or cinders. J. Econ. Entomol. 50(5): 
690-692.
65
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
66
Ettershank, G., J.A. Ettershank, and W.G. Whitford. 1980. Location of food sources by 
subterranean termites. Environ. Entomol. 9(5):645-648.
Forschler, B.T., 1994. Survivorship and tunneling activity o f Reticulitermes flavipes 
(Kollar) (Isoptera: Rhinotermitidae) in response to termiticide soil barriers with and 
without gaps of untreated soil. J. Entomol. Sci. 29(1): 43-54.
Gay, F.J. 1946. A case of house infestation by a tree-dwelling colony of Coptotermes 
frenchi Hill. J. Coun. Sci. Industr. Res. Aust. l9(4):330-334.
Greaves, T. 1959. Termites as forest pests. Australian Forestry. 23(2): 114-120.
Greaves, T. 1962. Studies of foraging galleries and the invasion of living trees by 
Coptotermes acinaciformis and Coptotermes brunneus (Isoptera). Aust. J. Zool. 10(4): 
630-651.
Haagsma, K., M.K. Rust, D.A. Reierson, T.H. Atkinson, and D. Kellum. 1995. Formosan 
subterranean termite established in California. California Agriculture. 49(l):30-33.
Haverty, M.I. 1977. The proportion of soldiers in termite colonies: a list and a 
bibliography (Isoptera). Sociobiology 2(3): 199-216.
Haverty, M.I., W.L. Nutting, and J.P. La Fage. 1975. Density of colonies and spatial 
distribution of foraging territories of the desert subterranean termite, Heterotermes 
aureus (Snyder). Environ. Entomol. 4(1): 105-109.
Henderson, G. 1998. Personal communication. Department o f Entomology, Louisiana 
State University and Agricultural and Mechanical College, Baton Rouge, LA 70803.
Henderson, G. and B.T. Forschler. 1996. Termite bait screening using naturally infested 
trees, pp. 449-458. In: Proc. 2nd Inter. Conf. Insect Pests in the Urban Environ., K.B. 
Wildey Heroit-Watt Univ., Edinburgh, Scotland, 7-10 July 1996.
Henderson, G., K. Sharpe-McCollum, and C. Dunaway. 1997. Tracking termites. PCT 
Pest Control Technology. 25(2):pp. 56,61. GEI Inc., Cleveland, OH
Henderson, G., M. Prasana, K. Sharpe, J. Felix, J. Chen, and S. Gatti. 1995. Baits offer 
alternative method of controlling Formosan termites. Louisiana Agriculture. 38(2): 12.
Howick, C.D. 1975. Influences of specimen size, test period and matrix on the amounts 
of wood eaten by similar groups of laboratory termites, pp. 51-63. Proc. Brit. Wood 
Pres. Assoc. Ann. Conv.
Jones S.C., M.W. Trosset, and W.L. Nutting. 1987. Biotic and abiotic influences on 
foraging o f Heterotermes aureus (Snyder) (Isoptera: Rhinotermitidae). Environ. 
Entomol. 16(3): 791-795.
R eproduced  with perm ission o f the copyright owner. Further reproduction prohibited without perm ission.
67
Kaib, M.1990. Multiple functions of exocrine secretions in termite communications: 
exemplified by Shedorhinototermes lamanianas. pp. 37-38. In: Social insects and the 
environment, Proceedings of the 11th International Congress of IUSSI. Eds. Veeresh, 
G.K., B. Malik, and C.A. Viraktamath. Oxford & IBH Publishing Co. Pvt. Ltd. New 
Dehli, India.
Kaib, M. and J. Zeisman. 1992. The labial gland in the termite Schedorhinotermes 
lamanianus (Isoptera: Rhinotermitidae): morphology and function during communal 
food exploitation. Insectes Sociaux. 39(4):373-384.
King, E.G. and W.T. Spink. 1969. Foraging galleries o f the Formosan subterranean 
termite, Coptotermes formosanus, in Louisiana. Ann. Entomol. Soc. Amer. 62(3):536- 
542.
La Fage, J.P. 1987. Practical considerations of the Formosan subterranean termite in 
Louisiana: A 30 year old problem, pp. 37-42. In: Biology and control o f the Formosan 
subterranean termite. Eds. M. Tamashiro and N-Y Su., Research Extension Series 083, 
College of Tropical Agriculture and Human Resources, University of Hawaii, 
Honolulu, Hawaii. 1985.
Lenz, M.1994. Food resources, colony growth and caste development in wood feeding 
termites (pp. 159-209), In: Nourishment and evolution in insect societies, Eds. Hunt, 
J.H. and C.A. Nalepa. Westview Press Inc. Boulder, CO,
Leopold, L.B. 1971. Trees and streams: the efficiency of branching patterns. J. Theor. 
Biol. 31(2):339-354.
Malaka, S.L. and R.H. Leuthold. 1986. Mechanisms of recruitment for the retrieval of 
food in Amitermes evuncifer Silvestri (Isoptera: Termitidae: Termitinae). Insect Sci. 
Appl. 7(6):707-721.
Matsumura, F., A. Tai, and H.C. Coppel. 1969. Termite trail-following substance, 
isolation and purification from Reticulitermes virginicus and fungus infected wood. J. 
Econ. Entomol. 62(3):599-603.
Moore, B.P. 1974. Pheromones in termite societies, pp. 262-266, In: Pheromones, Ed. 
Birch, M.C. American Elsevier, New York.
Oi, F.M., N-Y. Su, P.G. Koehler, and F. Slansky. 1996. Laboratory evaluation of food 
placement and food types on the feeding preference of Reticulitermes virginicus 
(Isoptera: Rhinotermitidae). J. Econ. Entomol. 89(4): 915-921.
RatclifFe, F.N. and T. Greaves. 1940. The subterranean foraging galleries o f Coptotermes 
lacteus (Frogg.). J. Coun. Sci. Industr. Res. Aust. 13(2):150-161.
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
68
Reinhard, J. and M. Kaib. 1995. Interaction of pheromones during food exploitation by 
the termite Schedorhinotermitidae lamanianus. Physiological Entomology. 20(3): 266- 
272.
Reinhard, J., H. Hertel, and M. Kaib. 1997a. Feeding stimulant signal in labial gland 
secretion of the subterranean termite Reticulitermes santonensis. Journal of Chemical 
Ecology. 23(10):2371-2381.
Reinhard, J., H. Hertel, and M. Kaib. 1997b. Systematic search for food in the 
subterranean termite Reticulitermes santonensis De Feytaud (Isoptera: 
Rhinotermitidae). Insectes Sociaux. 44(2): 147-158.
Robson, S.K., M.G. Lesniak, R.V. Kothandapani, J.F.A. Traniello, B.L. Thome, and V. 
Fourcassie. 1995. Nonrandom search geometry in subterranean termites. 
Naturwissenschaften. 82(ll):526-528.
Runcie, C.D. 1987. Behavioral evidence for the multicomponent trail pheromone in the 
termite Reticulitermes flavipes (Kollar). J. of Chem. Ecol. 13(9): 1967-1978.
Rust, M.K., K. Haggsma, and J. Nyugen. 1996. Enhanced foraging of western 
subterranean termites (Isoptera:Rhinotermitidae) in arid environments. Sociobiology. 
28(3):275-286.
SAS Institute. 1996. SAS® software rel 6.12 TS020 for windows. SAS Institute Inc., 
Cary, NC.
Selkirk, K.E. 1982. Pattern and place, an introduction to the mathematics of geography, 
pp. 188-194. Cambridge University Press. New York, NY.
Spink, W.T. 1967. The Formosan subterranean termite in Louisiana. Circ. No. 89, 
Louisiana Agr. Exp. Stn., Baton Rouge, LA. 12 pp.
Stevens, P.S. 1974. Patterns in nature. Little, Brown, and Company. Boston, MA.
Su, N-Y. 1994. Field evaluation of a hexaflumuron bait for population suppression of 
subterranean termites (Isoptera: Rhinotermitidae). J. Econ. Entomol. 87(2):389-397.
Su, N-Y. and J.P. La Fage. 1984. Comparison of laboratory methods for estimating wood 
consumption of Coptotermes formosanus (Isoptera: Rhinotermitidae). Ann. Entomol. 
Soc. Amer. 77(2): 125-129.
Su, N-Y. and R.H. Scheffrahn. 1988a. Intra- and interspecific competition of the 
Formosan and the eastern subterranean termite: evidence from field observations 
(Isoptera: Rhinotermitidae). Sociobiology 14(1): 157-164.
R eproduced  with perm ission o f the copyright owner. Further reproduction prohibited without perm ission.
69
Su, N-Y. and R.H. Scheffrahn. 1988b. Foraging population and territory o f the Formosan 
subterranean termite (Isoptera: Rhinotermitidae) in an urban environment.
Sociobiology 14(2): 353-359.
Su, N-Y. and R.H. Scheffrahn. 1996. Fate of subterranean termite colonies (Isoptera) 
after bait applications- an update and review. Sociobiology. 27(3): 253-275.
Su, N-Y., P.M. Ban, and R.H. Scheffrahn. 1997. Remedial baiting with hexaflumuron in 
aboveground stations to control structure-infesting populations of the Formosan 
subterranean termite (Isoptera: Rhinotermitidae). J. Econ. Entomol. 90(3): 809-817.
Su, N-Y., M. Tamashiro, J.R. Yates, and M.I. Haverty. 1984. Foraging behavior of the 
Formosan subterranean termite (Isoptera: Rhinotermitidae). Environ. Entomol. 
13(6): 1466-1470.
Tokoro, M., M. Takahashi, K. Tsunoda, and R. Yamaoka. 1989. Isolation and primary 
structure of trail pheromone of the termite, Coptotermes formosanus Shiraki (Isoptera: 
Rhinotermitidae). Wood Res. 76:29-38.
Traniello, J.F.A. 1982. Recruitment and orientation components in a termite trail 
pheromone. Naturwissenschaften 69(7):343-345.
Traniello, J.F.A. 1989. Foraging Strategies o f Ants. Ann. Rev. Entomol. 34:191-210.
Traniello, J.F.A., and S.K.. Robson. 1995. Trail and territorial communication in social 
insects, pp. 241-286. In: Chemical ecology of insects 2. Eds. Carde, R.T. and W.J. 
Bell. Chapman and Hall. New York.
Waller, D.A. 1988. Host selection in subterranean termites: factors affecting choice 
(Isoptera: Rhinotermitidae). Sociobiology 14(1):5-13.
Waller, D.A. and J.P. La Fage. 1987. Food quality and foraging response by the 
subterranean termite Coptotermes formosanus Shiraki (Isoptera: Rhinotermitidae). 
Bulletin Entomological Research 77(3):417-424.
Wells, J.D. and G. Henderson. 1993. Fire ant predation on native and introduced 
subterranean termites in the laboratory: effect of high soldier number in Coptotermes 
formosanus. Ecological Entomology 18:270-274.
R eproduced  with perm ission o f the copyright owner. Further reproduction prohibited without perm ission.
VITA
Justin Carl Hedlund was bom April 4, 1969 in Boston, Massachusetts. He 
attended Canton public school system until receiving his high school diploma. Carnegie 
Mellon University, Pittsburgh, Pennsylvania; University of Massachusetts, Amherst, 
Massachusetts; and University of Minnesota, Minneapolis, Minnesota; were attended 
during the four uninterrupted years of his undergraduate education, in which he 
ultimately received a bachelor of science degree in Zoology in 1991 from the University 
of Massachusetts. In 1996, he initiated graduate education at Louisiana State University 
and is presently a candidate for a master of science degree in Entomology.
70
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
IMAGE EVALUATION
TEST TARGET (Q A -3 )
150mm
IM/4GE. Inc
1653 East Main Street 
Rochester, NY 14609 USA 
Phone: 716/482-0300 
Fax: 716/288-5989
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
